This study investigates heat dissipation at carbon nanotube (CNT) junctions supported on silicon dioxide substrate using molecular dynamics simulations. The temperature rise in a CNT (~top CNT) not making direct contact with the oxide substrate but only supported by other CNTs (~bottom CNT) is observed to be hundreds of degree higher compared to the CNTs well-contacted with the substrate at similar power densities. The analysis of spectral temperature decay of CNT-oxide system shows very fast intra-tube 
obvious difference is observed in the estimated relaxation time. The distance between the two bottom CNTs in System III is half of the substrate length in x-direction which ensures a symmetric configuration on two sides from the center of substrate. The CNTs in the simulations have a chirality of (6, 0) and diameter of 4.7 Å. We use Lammps package [36] for the molecular dynamics simulations. To describe C-C interactions in CNTs, we use the adaptive intermolecular reactive empirical bond order potential (AIREBO) [37] . For the amorphous SiO 2 , we use the Munetoh parameterization [38]   similar to parameters used in Reference [17, 18] .
In the MD simulations, the atoms in the bottom layer of substrate are fixed to anchor the substrate. A time step of 0.25 fs is used for all simulations. In order to obtain the equilibrium structures, we first perform an energy minimization on the CNTs and amorphous SiO 2 system and then we equilibrate the system using NPT at 1 bar and 375 K for 1 ns. We applied a very small force (0.001 eV/Å on each atom) on the top CNT during the first 0.25 ns simulation in NPT to prevent the CNT to fly away from the system, and afterward the force is removed. Following the NPT equilibration, the volume of simulation box is determined, and the equilibration is continued using NVT at 375 K for 1 ns. The structures after equilibration are shown in Fig. 1 . The deformation in CNTs due to the interaction with substrate is observed to be very small and its cross-section remains in circular shape after the equilibration, which is expected for small-diameter CNTs (d<21 Å) [16] .
The single CNT in System I is completely supported by the substrate and remains straight after the equilibration like an isolated CNT. The top CNT in System II has a curvature near the region supported by the bottom CNT. The minimum distance between the top CNT and SiO 2 substrate in System II is shown in Fig. 2 . The curvature region spans 91 Å, which is about 20 times of the CNT diameter. As the spacing between the bottom CNTs supporting top CNT decreases, the top CNT get fully detached from the substrate as in System III and only has a slight bending toward the substrate at the ends.
RESULTS AND DISCUSSIONS
In order to elucidate the thermal transport at supported CNT junctions, we present the thermal analysis using two methods. The first one is the direct method of classical MD simulations where we examine the temperature distribution in CNT junctions and substrate by heating the top CNT (Section 3.1). In the second method, we study the transient energy relaxation in system (Section 3.2) by MD simulations and investigate the spectral energy decay using the spectral energy density (SED) approach.
[14, 32]
Thermal Transport at CNT junction under High Power Density
In the direct MD method, we apply heating power in the range of 5 nW to 26.5 nW on the top CNT by rescaling the velocities of atoms. The maximum value 26.5 nW is selected following the experimental results [25] of the breakdown power of CNTs at high temperatures. A thermostat is applied to a 5Å thick region above the fixed layer of SiO 2 substrate to control its temperature at 375 K. The simulations are performed on the three configurations prepared by the equilibration (Fig. 1 ). Each case is simulated for 15 ns (25 ns for system III) to obtain a steady state, and then the data are sampled for 5 ns
During the sampling period, we calculate the temperature within 67 slabs along the CNT by 
where n is the number of atoms per slabs, and small. The top CNT in System I is in complete contact with the substrate and in system II is also primarily supported by the substrate; consequently small temperature variations (< 3K) has been observed. The top CNT in System III is supported by two bottom CNTs with a small contact. The section of top CNT between the supports can be treated as suspended CNT, and the contact with the bottom CNTs acts as heat sinks. The temperature distribution along the top CNT in System III at heating power of 26.5 nW is shown in Fig. 3 ; the variations are within 10 K, but larger than that in the other two Systems. The two minima in temperature are at coordinates of around -75 Å and 75 Å (Fig. 3) , where the bottom CNTs are located. So the input power to top CNT is first transferred to two bottom CNTs through the small contact area at CNT junctions, and then conducted to the substrate through the bottom CNTs.
The temperature variation in top CNT at different heating power is shown in Fig. 4 . The temperature rise for the fully supported (~System I) or partially supported CNT on SiO 2 (~System II)
is not large, even at a high power density. However, the temperature increases rapidly when the top CNT is only supported by bottom CNTs and do not make any direct contact with the substrate (~System III). The contact area between the small diameter tubes is very small, and the inefficient heat conduction between CNTs can lead to this overheating in the top CNT at high power density. In our simulations, the temperature of top CNT increases beyond 834 K at the heating power of 26.5 nW which suggests that the breakdown temperature (873 K) [15, 25] will be easily reached in such CNTs even though the other CNTs in the network will be at much lower temperatures (~ 400 K).
As shown in Fig. 2 , the CNT contact area with the substrate in System II is reduced by 32% compared to System I but its temperature rise is only about 10 K (see Fig. 4 ) larger than that in System I. So it is of high interest to find how the heat is conducted to the substrate in System II. As shown in Fig. 5 We can further assume interfacial thermal conductance through these two paths in System II equals to corresponding values in System I and III, respectively. Based on the thermal resistor circuit shown in Fig.   5 (a), the overall conductance from top CNT to SiO 2 substrate for each system can be obtained.
Using the temperature response at different heating power ( is estimated as 0.014 W/mK. Reference [17] gave an expression to estimate thermal conductance between CNT and SiO 2 substrate for the CNT diameter in the range of 0.81~1.63 nm and temperature in the range of 200~600 K. However, CNT diameter considered in our study is only 0.47 nm which is much smaller than the lower limit in Ref. [17] .
If we extrapolate beyond the diameter range studied in Ref. [17] , we estimate thermal conductance of 0.029 W/mK at 375K. The thermal conductance of CNT junction is 0.042 nW/K which is approximately twice of the value (~0.02 nW/K for CNTs with diameter of 0.5 nm) determined by atomistic Green's Function Calculations in Ref. [22] . Using thermal conductance CNT-sub g and CNT-CNT G , the rate of heat transfer via two different paths in System II can be determined, as shown in Fig. 5 (b). It can be observed that heat is mainly conducted through the direct contact with the substrate, and less than 10% of the power is dissipated through the CNT-CNT junction. Since the CNTs have a high thermal conductivity, the heat generated in the buckled section of the top CNT can be first efficiently conducted along the tube to the sections supported by the SiO 2 substrate and then get dissipated to the substrate. Even if the contact length with the substrate is reduced by 32% in System II, the heat can still be effectively dissipated through the reduced contact length (~18 nm) with a relatively small temperature rise. This agrees well with the previous measurements which suggest that relatively short contact lengths (10-30 nm) to a typical solid should be sufficient to transfer heat efficiently. [12] We then calculate the overall thermal conductance at each interface in System III. Thermal conductance at CNT-CNT interfaces is about 0.084 nW/K which is half of the thermal conductance (0.172 nW/K) between bottom CNT and SiO 2 substrate. This indicates enhancing heat transfer at CNT junction will yield the largest gain. Besides, a low CNT junction density can also help to maintain a good contact between CNT and SiO 2 and avoid the fully suspended CNT structures as in
System III; such CNTs should be removed from the CNT network in order to avoid hot spots.
Spectral Analysis of Heat Dissipation at CNT Junction
In order to investigate the role of phonon interactions in the interfacial thermal transport, we use the transient relaxation method and SED approach to obtain the transient decay of spectral temperature. In the simulations, we set an initial temperature difference T  between the top CNT and bottom CNTs/SiO 2 substrate. We set the bottom CNTs and SiO 2 substrate at 375 K and the top CNT at 600 K. This is achieved by first equilibrating the top CNT 600 K for 100 ps in the three configurations previously prepared by equilibration. The temperature of the bottom CNTs and SiO 2 substrate is kept at 375 K. The temperature is controlled by the velocity rescaling thermostat. Then, the thermostat is switched off, and the system is allowed to relax for 0.25 ns and 0.5 ns for System I and System III, respectively. The relaxation is simulated in a NVE ensemble. [17, 18] The 
where p is the atoms in each unit cell, and N is the total number of unit cells in z direction. j , n , and  are the indices for p , N , and co-ordinate axes, respectively. The dispersion relations can be obtained by plotting the contour of the SED with respect to ω and z k , as shown in Fig. 6(a) . The wave vector is defined as     (6) where a N is the total number of atoms. The normalized spectrum energy of C, O and Si atoms in System III are shown in Fig. 6(b) . The spectral energy of C, Si, and O is normalized to the maximum value of spectral energy of C atoms in the top CNT. By assuming the energy is evenly distributed among all the phonon modes for CNTs at equilibrium, the equilibrium spectrum energy, eq g , can be written as :
where ()  is the phonon density of states and eq T is the equilibrium kinetic temperature. We further assume that ()  does not change during the transient relaxation, and introduce the spectral temperature sp ( , )
Tt  [32] . The transient spectrum energy can be written as:
In the calculation of transient spectrum energy, the short time Fourier transform is used. The 
In order to develop an understanding of the phonon coupling at the interfaces, we divide the entire frequency range into four bands, as shown in Fig. 6 . The relaxation time of the overall temperature of the top CNT in System I is 119 ps (Fig. 7 (b) ). The spectral energy of band 1 decays fast with a relaxation time of 70 ps, while the spectral energies of the other three bands decays slowly with relaxation times (~115-121 ps) close to the overall temperature ( Fig. 7 (b) ). The fast relaxation of the low frequency spectral temperature indicates an efficient energy transfer across the interface, which confirms the importance of the low frequency phonons in the interfacial heat transfer. [18, 19] As shown in Fig. 6(b) , there is no overlap in phonon spectrum of CNT and SiO 2 in band 4. It can be observed that The tube-tube energy transfer is mainly achieved by the low frequency phonons. [20, 22] As shown in
Reference [22] using the atomic Green's function calculation, the phonon transmission above 10 THz is strongly suppressed, and this frequency threshold becomes even smaller for small diameter CNTs. For the CNT of chirality (6, 0) in this study, the phonon transmission has diminished to nearly zero for frequency above 8 THz. [22] In this stage the energy carried by low frequency phonons, which are excited during heating process, is transferred to the lower CNTs/ substrate rapidly due to the efficient coupling between the low frequency modes. The second stage ( 1, b  =2132 ps) may corresponds to the phase when the energy in high frequency bands (2 to 4) is first transferred to band 1 before getting transferred to lower CNT and the substrate. As shown in Fig. 7 (d) , the time constant of spectral temperature relaxation is smallest for the highest frequency band but largest for the second stage of the low frequency band (
. This is because bottom CNTs block the energy transfer through the direct coupling of high frequency phonons and the energy from high frequency band need to be first transferred to the lower frequency band. The energy can get accumulated in these high frequency modes. As dominant energy content is in the high frequency bands, the slower relaxation of energy in high frequency bands (~2 to 4) to low frequency band (~1) as reflected in high 1, b the high frequency phonons from top CNT to substrate. Coupling of higher frequency phonons can help to enhance the heat transfer at CNT junctions, which may be achieved by nano-engineering the CNT-CNT interfaces through polymer wrapping, metal coating and linker molecules. [20, 40] Polymer molecules or smaller linker molecules can also be used as fillers to bridge the gap between top CNT and SiO 2 . Besides, CNTs with larger diameter can have larger interfacial thermal conductance and contact area. [20, 33] But larger diameter can increase the buckling length of top CNTs, and thereby significantly reduce the contact area with substrate and deteriorate the heat dissipation around CNT junctions.
[33]
CONCLUSIONS
In summary, the present study investigates the heat dissipation at CNT junctions supported on Minimum distance between top CNT and SiO 2 substrate in System II (see Fig. 1 (b) ). Here, x=0
corresponds to the mid-point of the bottom CNT. Minimum distance between top CNT and SiO 2 substrate in System II (see Fig. 1 (b) ). Here, x=0
corresponds to the mid-point of the bottom CNT. 
